We demonstrate that growth on a sample patterned with an ordered defect array can lead to islands with rather narrow size distribution. However, improvement in the size distribution is achieved only if the growth conditions ͑flux and temperature͒ have optimal values, determined by the patterning length scale. Since the scanning tunelling and the atomic force microscopes are capable of inducing surface perturbations that act as potential preferential nucleation sites, our work demonstrates that nanoscale surface patterning can improve the ordering of platelets and self-assembled quantum dots.
plications, from lasers to diodes and detectors. However, to turn the self-assembling process into actual devices we need to reach unprecedented control over the island characteristics, that include small ͑ideally close to zero͒ size distribution, tunable island sizes, and large island density.
One way to achieve these goals is to obtain precise control over the position of the islands, since one expects that spatial ordering would translate into narrower size distribution as well. 3 Consequently, different methods that have the potential to lead to spatially ordered SAQDs, such as growth on patterned surfaces, 4 aligning along misfit dislocations 5 or along surface steps, 6 are subject of much interest lately. However, to reach the controlled positioning of the islands, we need to use patterning that offers nanoscale precision in the first place. Recently it has been demonstrated that the scanning tunelling microscope ͑STM͒ and the atomic force microscope ͑AFM͒ are capable of performing small surface perturbations on the surface by depositing individual atoms, 7 small clusters or generating mesas or holes. 8 These surface modifications ͑defects͒ can act as potential nucleation sites, and their position can be controlled with nanometer precision. Thus STM/AFM tips can be used to pattern the surface with a mesh of spatially ordered defects. 9 Growth on such patterned surface is expected to lead to preferential island formation around the defects. However, since the nucleation of islands at positions different from those determined by the pattern cannot be excluded, it is not clear that such patterning will improve the positioning and the size distribution of the islands.
In this letter we demonstrate that the combination of an ordered defect array with suitably chosen growth conditions for island formation has the potential to produce islands with properties that are superior to the currently grown samples. For this we calculate the effect of an impurity mesh on the island sizes and positions using atomistic Monte Carlo simulations. The simulations indicate that for a given pattern there exists an optimal set of growth conditions at which the error rate ͑the nucleation of an island at a position different from that determined by impurities͒ is the smallest and the most uniform islands form. We discuss the impact of these result on the growth of platelets and SAQDs.
The initial stages of island formation are determined by the nucleation of small precursor islands, often called platelets. 10, 11 These two-dimensional ͑2D͒ islands are relatively small, strain effects are not yet relevant, thus their nucleation is governed by the laws of submonolayer epitaxy. 12, 13 The phenomenology is quite well understood:
13,14 the atoms deposited on the surface diffuse until they meet another atom or the edge of an island, whereupon they stick. The diffusion probability depends on the energy EϭE 0 ϩnE N , where E N is the energy of the bond formed by the atom with its n nearest neighbors ͑so nϭ0, 1, 2, 3, and 4͒ and E 0 is the activation energy for monomer surface diffusion. Since the formation of the critical nucleus is a random event, the position of the 2D islands is random. If there are impurities or defects on the substrate, they can serve as nucleation sites. The precise interaction of the adatoms and the defects is determined by the nature of the defect. Here we will consider a simple model, in which the defects are impurity atoms. The difference between an impurity and an adatom comes in the activation energy for surface diffusion for the impurity, E 0 I , and the binding energy between the adatoms and the impurity atom, E N I . If E 0 I is larger than E 0 , the impurity is less mobile, i.e., once it is deposited, it diffuses slower than the adatoms. Even a small (E 0 I ϪE 0 ) difference can translate into an impurity diffusion so slow, that within the time scales defined by deposition ͑ϰ1/F, where F is the flux͒ the impurities are practically immobile. Finally, the condition that an impurity serves as a nucleation site ͑i.e., adatoms that attach to it do not diffuse away͒ is E N I ϾE N . In the simulations we assume that a regular mesh of impurity atoms forming a two-dimensional square lattice has been deposited on the substrate, such that the distance between the impurity atoms is l i . On this substrate we then deposit atoms with coverage . Figure 1͑a͒ -1͑c͒ show the island morphologies for three APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 18 2 NOVEMBER 1998 different fluxes, grown on an impurity free substrate. In agreement with submonolayer epitaxy, as the flux increases, it leads to a decreasing average island size, ͗s͘, and an increasing island density, . In contrast, as Fig. 1͑d͒-1͑f͒ As Fig. 1 illustrates, for a given impurity mesh l i there is an optimal flux at which the islands nucleate only on impurities and their size is rather uniform ͓e.g., Fig. 1͑e͔͒ . This optimal flux can be measured by calculating the relative width of the island size distribution, w, defined as w ϭw /͗s͘ where w ϭ͗s 2 ͘Ϫ͗s͘ 2 is the width of the size distribution, and ͗...͘ denotes ensemble average. The smaller w is, the smaller the fluctuations are in the island sizes. In Fig.  2͑a͒ we show w as a function of flux for the impurity free case (w 0 ) and for growth with impurities (w I ). For small fluxes the coexistence of the small and large islands makes w I rather large, much larger than w 0 . However, there is a window of fluxes for which w I is smaller than w 0 , corresponding to more uniform islands. In particular, there is an optimal flux, F opt , at which w I has a minima ͑in contrast with the impurity free case, for which w 0 monotonously increases͒. In the following we discuss separately each of the three growth regimes, offering quantitative support for the qualitative conclusions derived from Fig. 1 . Regime I; Small fluxes (l d ӷl i ): In this regime, the impurities are the only nucleation sites. However, the typical separation between islands on the impurity free substrate is much larger than l i ͓see Fig. 1͑a͔͒ . As a consequence, only some impurities nucleate large islands, leading to the coexistence of distinctly small and large islands ͓Fig. 1͑d͔͒. This observation is supported by the island size distribution, which is bimodal: we observe a rather narrow peak corresponding to small islands (sӍ5 -10), and a wider peak corresponding to the larger islands (sӍ100). However, since islands are nucleated only by the impurities, the island density in this regime is constant, being equal to the impurity density, in contrast with the impurity free case for which increases with F ͓see Fig. 2͑b͔͒ . Furthermore, in this regime the average island size, ͗s͘, is also independent of the flux ͓see Fig. 2͑c͔͒ .
The most striking result of our simulations is that there is an optimal flux, F opt , at which approximately equal sized islands are nucleated only on sites predetermined by the impurity mesh. The improvement in the island size distribution, compared to the impurity free case, can be visually observed in Fig. 1 and quantitatively supported by w, shown in Fig. 2͑a͒. As Figs.  2͑b͒ and 2͑c͒ indicate, F opt is the flux at which ͗s͘ and for the impurity induced growth cross over to the impurity free values. The optimal flux, F opt , corresponds to the case when the natural separation of the islands, l d , is equal to the impurity separation l i , thus the impurities do not nucleate new islands, nor suppress island nucleation, but affect only the position of the islands. And since the equally spaced islands collect adatoms from approximately the same area, their size is more uniform than that of randomly positioned islands grown on the impurity free substrate. Note that in general there are three different sources of randomness in the system: the randomness in the capture areas, 3 fluctuations in the density of deposited atoms, and in adatom diffusion, allowing the atoms to move away from the area to which they have been deposited. While the deposition and diffusion noise cannot be avoided, the capture areas of the islands can be modified by initiating the nucleation on a mesh.
Regime III; Large fluxes (l d Ӷl i ): In this regime the separation between the islands grown on the impurity free substrate is smaller than the lattice constant l i of the impurity mesh, thus islands nucleate on interstitial positions as well ͓Fig. 1͑f͔͒. Consequently, there is no difference between the impurity induced and impurity free growth: the two systems have the same island density ͓Fig. 2͑b͔͒ and the same average island size ͓Fig. 2͑c͔͒. Similarly, the relative width of the islands is the same as for the impurity free growth.
The presented simulations capture the early stages of island formation, when strain effects are not yet relevant. Strain is known to further decrease the size distribution of the islands: self-limiting mechanism, acting through biased surface diffusion and/or strain induced enhanced adatom detachment from large islands discourage the formation of large islands, and thus lead to narrower island size distribution.
11,12 Consequently, we expect that the beneficial results of the impurities will be further improved if strain is taken into consideration. While our simulations included impurities as nucleation sites, we expect that the main results would apply if instead of impurity atoms small clusters are deposited, or the STM is used to create small mesas or holes on the surface, as long as these defects act as preferential nucleation sites. The recent development of parallel AFM tips, consisting of over a hundred individual tips, allow the parallel creation of ordered surface defects with a single touchdown, thus foreseeing the rather fast nanometer scale patterning of surfaces for device applications. Our main result is that the mere deposition of these nucleation centers is not enough for improvement in their island characteristics: improvements are obtained only for carefully tuned growth conditions so that the growth takes place at an optimal flux. Since it is rather easy to tune the flux in an molecular beam epitaxy ͑MBE͒ chamber, it is possible to locate this optimal flux experimentally.
15 Naturally, for each l i there will be a different F opt , which has to be determined independently, but the very existence of such an optimal flux indicates that the controlled deposition of impurities has the potential to produce high quality samples with potentially superior optical characteristics.
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given D(T)ϭD 0 exp(ϪE 0 /kT), l d depends on T as well. Consequently, keeping F constant, the temperature can be used equally efficiently to locate the optimal growth conditions.
FIG. 2. ͑a͒
Relative width of the island size distribution for surfaces without ͑A͒ and with impurities ͑B͒ as a function of the flux F. w increases monotonously for the surface without impurities. ͑b͒ Island density vs flux for the surfaces without ͑A͒ and with impurities ͑B͒. The island density increasing with F for the surface without impurities ͑A͒. With impurities, for small fluxes the island density is constant, being equal to the impurity density. ͑c͒ Average island size vs flux for the surfaces without ͑A͒ and with impurities ͑B͒. The average island size decreases for the surface without impurities ͑A͒, following ͗s͘ϳF Ϫ d . For the surfaces with impurities, however, the average island size is constant until FХ0.08, and then decreases for larger F, converging to the impurity free curve.
